Aluminum alloys for high-temperature applications have been the focus of many investigations lately. The main concern in such alloys is to maintain mechanical properties during operation at high temperatures. Grain coarsening and instability of precipitates could be the main reasons behind mechanical strength deterioration in these applications. Therefore, Al-Cu-Mg-Ag alloys were proposed for such conditions due to the high stability of Ω precipitates. Four different compositions of Al-Cu-Mg-Ag alloys, designed based on half-factorial design, were cast, homogenized, hot-rolled, and isothermally aged for different durations. The four alloys were tensile-tested at room temperature as well as at 190 and 250 ∘ C at a constant initial strain rate of 0.001 s −1 , in two aging conditions, namely, underaged and peak-aged. The alloys demonstrated good mechanical properties at both aging times. However, underaged conditions displayed better thermal stability. Statistical models, based on fractional factorial design of experiments, were constructed to relate the experiments output (yield strength and ultimate tensile strength) with the studied process parameters, namely, tensile testing temperature, aging time, and copper, magnesium, and silver contents. It was shown that the copper content had a great effect on mechanical properties. Also, more than 80% of the variation of the high-temperature data was explained through the generated statistical models.
Introduction
For decades, the market of lightweight materials has been growing and enlarging year by year, due to the increasing demand for energy saving. Aluminum alloys are still one of the main lightweight materials under investigation. Development and design of high strength aluminum alloys to operate at elevated temperatures is getting great attention. Applications for high-temperature aluminum alloys include supersonic aviation and automotive components. However, stability of precipitates at high temperature is still a major concern. Strength at elevated temperature starts to deteriorate after a specific time because of precipitates coarsening. Thus, the objective of many researches, recently, is to develop and design new aluminum alloys with precipitates that are stable at high temperatures. The use of Al-Cu-Mg-Ag aluminum alloys (AA2139 and AA2519) has increased substantially in aircraft and military applications due to their low density, exceptional toughness, and moderately high-temperature stability [1] [2] [3] .
The Concorde was the most famous supersonic civil aircraft. It was adopted by French and British Airways. The Concorde alloy was 2618A (Al-2.2%Cu-1.5%Mg-1%Fe-1%Ni-0.2%Si). The precipitates of 2618A are stable at elevated temperature and this is the reason behind choosing this alloy; even so, the mechanical properties are not in the same level when compared with conventional aerospace aluminum alloys like 2024-T6 and 7075-T6 [4] . The temperature on the skin of the airplane body is about 127 ∘ C, due to air friction at a speed of Mach 2.05 [5] . Despite its speed, the Concorde failed economically, because it can only carry up to 100 passengers and was not able to fly for a long distance.
Advances in Materials Science and Engineering
Therefore, Al-Cu-Mg-Ag system was proposed to replace 2618A and other conventional aerospace aluminum alloys, 2024-T6 and 7075-T6, in view of the fact that these new alloys give high thermal stability and good mechanical properties [5, 6] . Many recent publications [1, 7, 8] have focused on investigating the evolution of microstructure and mechanical properties in these alloys.
A superior combination of high thermal stability and good mechanical properties comes from special precipitates called Ω [5] . Bakavos et al. [9] used transmission electron microscopy (TEM) to explore the habit planes of Ω precipitates. It was found that the habit planes of Ω with the matrix are {111} . Regarding the morphology of Ω precipitates, Lumley and Polmear [10] stated that Ω has an orthorhombic plate-like shape. For the composition of Ω phase, researchers are still uncertain about it. Lumley and Polmear [10] mentioned that the composition of Ω was close to that of Al 2 Cu with Mg and Ag detected at /Ω interfaces. Gable et al. [11] studied the stability of Ω phase at different aging temperatures of 200 and 250 ∘ C. It was shown that the density of Ω phase plates decreases intensely if the alloy is aged at a temperature at 250 ∘ C or higher for 30 minutes or longer. Also, Gable et al. [11] showed that the thickness of Ω phase increases significantly if the alloy is aged at 250 ∘ C. Xiao et al. [12] confirmed this observation where the Ω phases are thermally stable at temperatures below 200 ∘ C.
Bakavos et al. [9] investigated the precipitates of two alloys of Al-Cu-Mg with and without silver (Ag) addition. It was stated that the Ω phase was observed in both alloys. However, Ω phases in Al-Cu-Mg-Ag were finer compared with Al-Cu-Mg free of Ag. Gable et al. [11] showed that the content of Ω phase is related to the content of Mg. Ω phase works with the other well-known precipitates and to enhance the mechanical properties significantly. The habit planes of phases are {001} and have a composition of Al 2 Cu and tetragonal plate-like shape [9, 13] . For phases, the habit planes are {001} and have a composition of Al 2 CuMg and a cubic shape [10] . The dominant phases in the AlCu-Mg-Ag system which has a great effect on enhancing the mechanical properties are Ω and then . has minor significance [10] . It has been shown [14] that the precipitation sequence is as follows:
Song et al. [15] studied the mechanical properties of three alloys, A2618 (Al-2.2%Cu-1.5%Mg-1%Fe-1%Ni-0.2%Si), Al8Cu-0.5Mg free of Ag, and Al-8Cu-0.5Mg-0.6Ag, at a wide range of temperatures from 20 to 300 ∘ C. It was shown that the alloy with the addition of low content of Ag has better mechanical properties at low and high temperatures compared with other alloys. Xia et al. [16] investigated the effect of heat exposure on the mechanical properties of the aged alloy (Al-4.72Cu-0.45Mg-0.54Ag-0.17Zr). The aging process was conducted at a temperature of 165 ∘ C for 2 h (underaged condition). The heat exposure was implemented at 200 ∘ C for different times of exposure starting from zero to 100 h. It was shown that there was an initial increase in strength with increasing duration of heat exposure, whereas after 10 h the strength started to decrease. The ultimate tensile stress (UTS) after 100 h of exposure was about 400 MPa, whereas it was 430 MPa before exposure [16] .
Liu et al. [17] studied the creep behavior of Al-5.33Cu-0.79Mg-0.48Ag-0.30Mn-0.14Zr. The study on the three alloys was conducted at a temperature of 150 ∘ C as well as at stress of 150 to 300 MPa for underaged conditions. It was shown that the steady creep rates were 0.12, 0.06, 0.03, and 0.01% per hour at 150, 200, 250, and 300 MPa, respectively [17] . Lumley et al. [18] explored the creep behavior of two alloys, that is, traditional aviation aluminum alloy (Al 2024) and experimental alloy with composition of Al-5.6Cu-0.45Mg-0.45Ag-0.3Mn-0.18Zr for two different aging conditions of underaged and fully hardened (T6) conditions. The creep test parameters were temperature of 300 ∘ C and stress of 150 MPa. It was obvious that the underaged condition gave a lower creep rate for both alloys. Al 2024 displayed secondary creep after 200 h and 400 h for T6 and underaged conditions, respectively, while the experimental alloy with low content of Ag did not show a secondary creep behavior for both aging conditions. Based on this result, Lumley and Polmear [10] investigated the creep behavior of underaged conditions for the previous experimental alloy that contained a low amount of Ag extensively at different creep circumstances. The creep test condition was a temperature of 130 ∘ C and stress of 200 MPa for 20000 h. It was represented that the creep rate percentage was about 0.4 and there was no secondary creep observed along the duration of the test [10] .
Al-Obaisi et al. [19] studied the aging characteristic of eight different compositions of Al-Cu-Mg-Ag based on fullfactorial design at three different aging temperatures of 160, 190, and 220 ∘ C for a wide range of aging durations. Statistical modeling was constructed between hardness values and process inputs comprising aging temperatures and times, as well as weight percentages of alloying elements through Minitab software. It was presented that changing of weight percentages of alloying elements changed the hardness values significantly. Also, it was deduced that aging at 190 ∘ C gave good hardness values with reasonable aging duration that could be appealing to industry needs [19] . This temperature was used as an aging temperature for the current study.
Most researchers focused on studying the mechanical properties of a single composition of Al-Cu-Mg-Ag and mostly at one aging condition. A complete study of mechanical properties at high temperatures for different aging conditions and different compositions of Al-Cu-Mg-Ag is still required. This is the stimulation for the current work. Based on the fractional factorial design of the experiment, four alloys were prepared. They were tensile-tested at room temperature, 190 ∘ C, and 250 ∘ C and at two different aging conditions (underaged and peak-aged). Thus, the mechanical properties of the four alloys were related to the process parameters (tensile testing temperature, aging time, and alloying elements percentage) through statistical modeling. Table 1 were cast in a steel mold. If a full factorial was employed, eight alloys would have been required [19] . The dimensions of the cast ingots were 100 × 40 × 15 mm. The homogenizing process was conducted at 540 ∘ C for 24 h. The four alloys were elementally analyzed through arc and spark excitation and the chemical analysis is displayed in Table 2 . Then, the four alloys were hot-rolled at 450 ∘ C. During the rolling process, 80% of the total thickness was reduced.
Advances in Materials
Tensile samples were wire-cut from the rolled alloys such that the tensile axis was parallel to the rolling direction. The tensile samples had a gage length of 10 mm and a crosssectional area of 4 × 1.5 mm 2 . Solution treatment was carried out at a temperature of 540 ∘ C for Alloys 1 and 4 that have a higher content of Cu (5 wt.%) and at 500 ∘ C for Alloys 2 and 3 that have a low content of Cu (3 wt.%) to make sure that all four alloys were taken to a single phase region. Then, the four alloys were water-quenched. The aging process was implemented in a salt bath constituted of 50% potassium nitrate (KNO 3 ) and sodium nitrite (NaNO 2 ) at a temperature of 190 ∘ C with different aging times, and then the samples were water-quenched. The corresponding hardness values and aging times are displayed in Table 3 . Tensile testing was performed for each sample at room temperature, 190 ∘ C, and 250 ∘ C for each aging condition. The tensile test was carried out on an Instron machine model 3388 equipped with a data monitoring system. The testing temperature is controlled to be within ±2 ∘ C. The tensile data is processed using an Excel sheet and corrected for machine compliance.
The microstructure study was performed using SEM model JEOL 6610 LV and TEM JEOL model JEM-2100F-HR, operated at 200 kV. Thin foil, ∼300 nm thickness, for TEM investigation was prepared using focused ion beam system (JEOL JEM9320 FIB).
Design of Experiments (DOE).
Fractional factorial is a well-known technique to be used in material and manufacturing experimentation. Several researchers made use of the technique in the process of investigating the significant factors in experiments [20] [21] [22] . A fractional factorial design reduces significantly the number of runs required, particularly in screening experiments where many factors are studied in order to decide the relative importance amongst them. The price of this reduction in the number of runs is the sacrifice of some higher order interactions.
In this research, a 2 −1 fractional factorial design was used with five factors, two levels each. The number of runs needed is 16 runs compared to 32 runs in a full-factorial (2 ) design. The factors and levels evaluated in the research are listed in Table 4 . Four numerical factors are used, namely, testing temperature and Cu, Mg, and Ag wt.%. The fifth factor (aging time) was treated as a categorical parameter rather than numerical since the aging time for each alloy was different. Its levels are given as U (−1) and P (+1). It is worth noting that the model was built to study, solely, the hightemperature mechanical properties. Table 5 summarizes the yield strength (YS) and ultimate tensile strength (UTS) values for each aging condition of all four alloys at room and high temperatures. As expected, the stress values decrease with temperature. For ultimate tensile strength (UTS) values, Alloy 1 gave the highest values for both underaged and peak-aged conditions. However, Alloy 3 gave the lowest values. The difference between Alloy 1 and Alloy 3 was around 120 MPa at room temperature and about 50 MPa at high temperature for peak-aged conditions, while for underaged conditions the difference was about 60 MPa at both room and high temperatures. For yield strength (YS) values, Alloy 1 gave the highest values while Alloy 2 gave the lowest values at room temperature, but Alloy 3 exhibited the lowest values at high temperature. The difference between Alloy 1 and Alloy 2 was around 145 and 45 MPa at room temperature for peak-aged and underaged conditions, respectively. For high temperature, the difference between Alloys 1 and 3 was about 60 MPa for both aging conditions. Mostly, the stress values of peak-aged conditions were higher than of underaged conditions except at a temperature of 250 ∘ C at which underaged conditions were higher, while in Alloy 2 the underaged condition is more superior compared to the peak-aged condition at both 190 and 250 ∘ C. In Alloy 4, stress values of the peak-aged condition were higher than of the underaged condition at all testing temperatures.
Figures 2-5 show the sensitivity of mechanical properties (UTS and YS) with temperatures of both underaged and peak-aged conditions of all four alloys. The data was linearly fitted and the negative slope was taken as an indicator of the thermal stability, in a sense that smaller negative slope can be interpreted as higher thermal stability. The negative slopes of yield strength for underaged conditions were between −0.17 and −0.37. Alloys 3 and 4 had the highest negative slopes, while Alloys 1 and 2 had the lowest negative slopes. However, the negative slopes of ultimate tensile strength (UTS) for underaged conditions were between −0.59 and −0.74. Alloys 3 and 4 had the highest negative slopes, while Alloys 1 and 2 had the lowest negative slopes.
The sensitivity of mechanical properties with temperatures of the peak-aged condition for all four alloys is as follows. For yield strength, the negative slopes were between −0.37 and −0.75. Alloys 1 and 4 had the highest negative slopes, while Alloys 2 and 3 had the lowest negative slopes. However, the negative slopes of ultimate tensile strength (UTS) were between −0.67 and −0.93. Alloys 1, 2, and 4 had higher negative slopes, while Alloy 3 had a lower negative slope. It is obvious that the sensitivity of peak-aged conditions is larger than of the underaged condition, which indicates that the underaged condition exhibits higher thermal stability. These observations are consistent with the results of Bai et al. [13] . It would be beneficial to estimate the behavior of the AlCu-Mg-Ag system by comparing it with the Concorde alloy (A2618). The following data is extracted from [10] . It was shown that the yield strength values at 20, 150, 200, and 250 ∘ C were 372, 303, 179, and 62 MPa, respectively. For ultimate tensile strength, the values were 441, 345, 221, and 90 MPa. The negative slope of the relation between yield strength and temperatures is −1.3, while for ultimate tensile strength it is −1.46. Therefore, Alloys 1 and 4 of peak-aged conditions, from the current study, gave better mechanical properties and lower sensitivity to temperatures. Also, it will be of interest to compare the present results with the behavior of Al 7075, which is one of the high strength aerospace aluminum alloys, at high temperatures. Polmear and Couper [23] showed that the yield strength of this alloy at room temperature is about 500 MPa, while at 190 and 250 ∘ C the yield strength is 200 and 50 MPa, respectively. Thus, the performance of this alloy is catastrophic at high temperatures. The superior thermal stability for some of the current alloys is attributed to a special new phase named Ω that forms as thin platelet precipitates on {111} planes ( is an Al-based solid solution) and has either a hexagonal or an orthorhombic shape [24] [25] [26] . Since {111} are slip planes in Al-based solid solution alloys, precipitation of Ω in these alloys tends to improve resistance to dislocation slip and improve mechanical properties [27] .
Microstructure.
A TEM study was conducted on Alloy 4 in the peak-aged condition as presented in Figure 6 . Figure 6 (a) represents a STEM dark field image of the alloy which shows the precipitated phases in bright color exhibiting different morphologies (rod and spherical shaped). The size of the precipitates ranged from 200 to 300 nm. Figure 6( 4.3, and Ag 1.5 wt.%. The amount of Mg was not detectable as it could be traces. This particle could be an Ω phase, according to the definition previously mentioned. A detailed fractography investigation was carried out for Alloy 2, since its mechanical properties were more thermally stable for the two aging conditions. Figure 7 shows SEM images of the fractured surfaces of Alloy 2 tested at room temperature, 190 ∘ C, and 250 ∘ C, respectively, for different aging conditions. The images of the underaged conditions for all testing temperatures show that the dominant fracture mode is transgranular fracture regarding the observed dimples along the fracture surfaces. These dimples become shallow at higher testing temperatures. For peak-aged conditions, the fractured surfaces show a combined fracture mode including transgranular and intergranular fracture modes. This observation is consistent with the deduction that the underaged conditions are more thermally stable compared with peak-aged conditions. Some of the particles distributed on the fractured surfaces were chemically analyzed through energy dispersion spectroscopy (EDS) technique. Figure 8 shows the EDS spectrum of one of the particles distributed on the fractured surface of Alloy 2 tested at room temperature for the peak-aged condition. The particle size is about 1 m. The EDS spectrum displays clustering of Cu and Al atoms and to a much lesser extent the Mg and Ag atoms which could imply a coarsened phase of Ω precipitates. Figure 9 presents the EDS spectrum of one of the particles distributed on the fractured surface of Alloy 2 tested at 250 ∘ C for the peak-aged condition. The particle size is about 1 m. The EDS spectrum exhibits clustering of Cu, Mg, and Al atoms which suggests a coarsened phase of precipitates.
Statistical Analysis.
To prepare the fractional factorial design matrix, a full-factorial design was built for the basic factors ( , , , and ) and a generator ( = ) was used to define the levels of the remaining factor (E) in the matrix. Generators are, mainly, interactions of the basic factors that determine how a subset of experiments is selected from full set runs. The alias structure, given in Table 6 , illustrates the confounding between factors and interactions due to the reduction in total runs in a fractional factorial design.
The set of experiments with measured responses is illustrated in Table 7 . Responses yield strength and ultimate tensile strength are indexed as and , respectively. Since the design did not include replicates, the third-, fourth-, and fifth-level interactions were removed to free some degrees of freedom for error estimation in order to test the significance of the effects of more important factors and second-order interactions. Analysis of variance was used to estimate the significance of each factor and interaction. Regression analysis was conducted to correlate each response to its significant parameters. Analysis of variance (ANOVA) was used to decide which model terms (representing the studied process parameters and their interactions) affect significantly the experimental outputs. In ANOVA, the role of each term in the variability of experimental outputs is calculated as its adjusted sum of squares (Adj. SS). The value of Adj. SS of each term with respect to the total Adj. SS represents the contribution of this term to the total variability. Adj. MS for each term represents an estimate of population variance and is calculated by dividing its Adj. SS by its degrees of freedom. The -value is then calculated for each term by dividing its Adj. MS by the error Adj. MS. A higher -value indicates that the data contradicts more the test null hypothesis (which assumes nonsignificance of the considered term.) Another item to be calculated is the value. A lower value corresponds to a higher -value. value less than the test confidence level (generally taken as 0.05) indicates significance of the considered term. The ANOVA results for yield strength are given in Table 8 . Model terms with value > 0.05 are not significant and hence were removed from the model unless they are a part of a higher order interaction or their removal has a significant negative effect on the coefficient of determination ( -squared). The model has an -value of 23.7 with a value of about 0.000 implying that the model is significant relative to noise. Significant terms are (temperature), (copper content), and the interaction . Recall that the effect of includes the interaction (Mg and Ag) as given by the alias structure. Assuming that the third-and fourthlevel interactions are negligible, the effects of factor and interaction are calculated with no interference from other terms. The results suggest that aging time and magnesium content do not affect the alloy yield strength. The values of the adjusted sum of squares (Adj. SS) show that the variability in the measured yield strength comes mainly from the copper content and testing temperature.
The model analysis summary is illustrated in Table 9 . The adjusted -squared equal to 0.86 implies that the model represents 86% of the variation in the data. The predicted -squared was calculated as 0.78, within an acceptable difference from the adjusted -squared (<0.2), proving that the model is not overfit and has a good predictability. Figure 9 : EDS spectrum at the particle taken from fractured surfaces of Alloy 2 peak-aged condition produced by tensile testing at 250 ∘ C (Mg: 1.95 wt.%, Cu: 28.96 wt.%, and Al: 69.09 wt.%). Figures 10 and 11 show the main effect plot and interaction plot for yield strength, respectively. Figure 10 illustrates that increasing the temperature reduces the yield strength, while increasing the copper content increases the yield strength. In Figure 11 , the interaction is visible as the two lines are not parallel. It is clear that the effect of copper content on increasing the yield strength is reduced as the temperature increases. Equation (2) The ANOVA results for ultimate tensile strength are given in Table 10 . The model has an -value of 21.7 with a value of about 0.000 implying that the model is significant relative to noise. Significant terms are (temperature), (copper content), (silver content), and the interactions and . Recall that the effect of includes the interaction (Mg and Ag) and the effect of includes the interaction as given by the alias structure. Assuming that the thirdand fourth-level interactions are negligible, the effects of factor and interactions and are calculated with no interference from other terms. The results suggest that aging time and magnesium content do not affect the tensile strength. However, the aging time has an interactive effect with the silver content. The values of the adjusted sum of squares (Adj. SS) show that the variability in the measured ultimate tensile strength comes mainly from the testing temperature followed by the copper content. Previous work [7] reported that the tensile strength did not increase directly with increasing Mg content in Al-Cu-Mg-Ag alloy, which agrees with the current results. On the other hand, though the aging time plays a major role in varying the hardness values, it did not impart a major effect on the tensile properties (yield and ultimate) especially for the testing temperature of 250 ∘ C. However, at the 190 ∘ C testing temperature, the variation in yield and ultimate strength is present but not with a systematic trend, which could have led to the present statistical prediction of the model. It is worth noting that aging was conducted at 190 ∘ C, for all samples; thus, for the testing temperature of 190 ∘ C, the effect of under-and peak-aged precipitate conditions was obvious. This effect is expected to be less pronounced at higher testing temperature due to the precipitates coarsening that limits the strain hardening processes. The model analysis summary is illustrated in Table 11 . The adjusted -squared equal to 0.89 implies that the model represents 89% of the variation in the data while the predicted -squared was calculated as 0.79. Figures 12 to 14 show the main effect plot and interaction plots, respectively, for ultimate tensile strength. Figure 12 illustrates that increasing the temperature reduces the tensile strength. Increasing the copper content increases the tensile strength while increasing the silver content reduces it. In Figure 13 , the interaction is visible as the two lines are not parallel. It is clear that the effect of copper content on increasing the tensile strength is reduced with increasing temperature. Figure 14 shows that although factor (aging time) is not significant by itself, it seems that increasing the time at high silver content reduces the tensile strength significantly. Equation ( Table 12 in comparison to model predicted values. Note that the value of factor (time) is substituted in the equations as −1 for the underaged condition and +1 for the peak-aged condition, while the other factors are substituted by their actual values.
Advances in Materials
Paired -test was used to estimate the significance of the difference between the measured and the predicted values. The test proved no significant difference with value = 0.081 for the yield strength and 0.074 for ultimate tensile strength. However, as the model was built on a fractional factorial design, it might lack some significant interactions that were omitted in the current study. This may be the reason for some large errors (above 20%) shown in Table 12 . A more compressive model should be considered as an extension to this study.
Conclusions
Four alloys with different compositions of Al-Cu-Mg-Ag were cast. The alloys were homogenized and hot-rolled. Tensile samples were cut from the rolled sheet. These samples were solution-treated and then aged at 190 ∘ C for different aging times comprising underaged and peak-aged conditions. Tensile testing was conducted at room and high temperatures. Changing weight percentages of alloying elements had significant effects on the mechanical properties. The sensitivity of mechanical properties for temperatures was measured through calculating the negative slopes of the yield and ultimate tensile strength variation with temperature.
A mathematical model for the variation of yield strength and ultimate tensile strength was built to relate them with alloying elements content, aging time, and tensile testing temperatures. Both models represent more than 80% of the variation in the data, which represents the reliability of the models. Copper content was most significant for increasing the yield strength and ultimate tensile strength. As expected, increasing temperature reduces the values of YS and UTS.
The promising mechanical properties and the lower sensitivity to high temperatures of Al-Cu-Mg-Ag make them a potential replacement for A2618 and other aluminum alloys used in high-temperature applications such as supersonic aviation and automobile industry.
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